To relate constraints from nuclear physics to the tidal deformabilities of neutron stars, we construct a neutron star model that accepts input from a large collection of Skyrme density functions to calculate properties of 1.4 solar-mass neutron stars. We find that restricting this set of Skyrme to density functions that describe nuclear masses, isobaric analog states, and low energy nuclear reactions does not sufficiently restrict the predicted neutron-star radii and the tidal deformabilities. However, pressure constraints on the EoS around twice saturation density (2×2.74×10 14 g/cm 3 ), obtained from high energy nucleus-nucleus collisions, does constrain predicted tidal deformabilities with uncertainties smaller than those obtained from the analysis of GW170817. We also found that the density-pressure constraint on the EoS obtained from a recent analysis of the neutronstar merger event agree very well with the density pressure constraints obtained from nuclear physics experiments published in 2002.
The equation of state (EoS) of nuclear matter relates temperature, pressure and density of a nuclear system. It governs both properties of nuclei and neutron stars as well as the dynamics of nucleus-nucleus collisions and that of neutron-star mergers. The EoS research in nuclear physics focuses on extrapolating the properties of neutron-rich matter from that of symmetric matter containing equal numbers of neutrons and protons [1] [2] [3] . This extrapolation is governed by the nuclear symmetry energy, which is defined to be the difference between the EoS of neutron matter and that of symmetric matter. In the sub-saturation density at 0.5 < ρ/ρ 0 < 0.7 where ρ 0 is the saturation density, knowledge of symmetry energy is needed to predict the location of crust-core boundary in neutron stars [4] , crustal vibrations in Magnetars [5] and around ρ/ρ 0 ≈ 0.25 to understand the supernova neutrino sphere [2, 6, 7] . Above saturation density, the EoS affects the fate of the neutron-star merger; whether the colliding neutron stars collapse promptly into a black hole, remain a single neutron star, or form a transient neutron star that collapses later into a black hole [8] .
During the inspiral phase of a neutron-star merger, the gravitational field of each neutron star induces a tidal deformation in the other [9] . The influence of the EoS of neutron stars on the gravitational wave signal during inspiral is contained in the dimensionless quantity tidal deformability, also known as tidal polarizability, Λ = 
5 , where G is the gravitational constant and k 2 is the dimensionless Love number [9, 10] , R and M are the mass and radius of a neutron star. k 2 , is sensitive to the compactness parameter (M/R). As the knowledge of the mass-radius relation uniquely determines the neutron-star matter EoS [11] [12] [13] [14] , both k 2 and R depend on the EoS. From recent analysis of the neutron star merger event GW170817, a range of EoS parameters are extracted, which are expressed in terms of the density dependence on pressure from subsaturaion to six times the saturation density as shown in the area bounded by the light blue shade areas in figure 1.
In nuclear physics, the EoS of cold homogenous matter can be specified in terms of energy per nucleon of the hadronic system. Within the parabolic approximation, the EoS of cold nuclear matter can be divided into a symmetric matter contribution that is independent of the neutron-proton asymmetry and a symmetry energy term, proportional to the square of the asymmetry [3] ,
where the asymmetry is defined as δ = (ρ n − ρ p )/ρ.Here, ρ n , ρ p and ρ = ρ n + ρ p are the neutron, proton and nucleon densities respectively, and S(ρ) is the density dependent symmetry energy. Measurements of collective flow and kaon production in energetic nucleus-nucleus collisions have constrained the EoS for symmetric matter, E(ρ, δ = 0) at densities up to 4.5 times saturation density [1, [15] [16] [17] [18] . In Ref [1] , the symmetric matter constraints in pressure as a function of density were determined from the measurements of transverse and elliptical flow from Au+Au collisions over a range of incident energies from 0.3 to 1.2 GeV/u. In Refs. [15, 16] , a similar constraint from 1.2ρ 0 to 2.2ρ 0 was obtained from the kaon measurements.
To estimate the additional pressure coming from the symmetry energy, [1] uses the softest and stiffest symmetry energy functions proposed in Ref. [19] in neutron-star calculations:
For convenience, we label the functions in Eq. 2 and Eq. 3 as stiff and soft, respectively. Adding the pressure from each of these two symmetry energy functions to the pressure from the symmetric matter constraint results in two set of contours shown in the right panel of figure 1 [1] . These heavy ion constraints published decades before the neutron star merger observation agree reasonably well within the pressure-density constraints extracted in [20] represented by the light blue shaded area in figure 1 . The agreement illustrates that one can apply the knowledge gained in nuclear physics reactions to neutron star physics.
To connect nuclear physics observables to neutron star observables, we will incorporate the nuclear physics density functions, E(ρ, δ) of Eq. 1 into neutron star models. Most models assume that a neutron star consists of the outer crust, inner curst, outer core and inner core corresponding to different density regions where different forms of the EoS can be employed. In our calculations, the EoS in different density regions are presented by different color curves in the left panel of figure 1. At the lowest densities, the EoS describing both the inner and outer crust from Refs. [21] [22] [23] [24] [25] [26] [27] are represented by yellow lines. The polytropic EoS that describes a relativistic electron fermi gas connect the curst to the inner core are represented by the green curves. The inner core region with densities between 0.5ρ 0 to 3ρ 0 best resemble the nuclear matter environment. Here, we use the Skyrme interactions (blue curves) found in [28, 29] . Above 3ρ 0 , we use polytropic EoS of the form Kρ γ to extend the EoS to the central density region of a neutron star such that it can support a maximum neutron star of 2.17 solar mass [30] .
One advantage of using Skyrme nuclear density functions is that a large number of Skyrme interactions that describe different aspects of nuclei properties can be found and widely used in the literature [28, 29] . Skyrme interactions that generate negative or small pressure at 3ρ 0 are eliminated. We found 189 Skyrme interactions from our [20] , after converting the original unit for pressure of dyn/cm 2 to M eV /f m 3 and for density to units of saturation density, ρ 0 = 2.74 × 10 14 g/cm 3 , to allow direct comparisons to nuclear physics constraints. Solid and dashed contours display constraints from flow measurements [1] and kaon measurements [15, 16] , respectively. The upper (labelled as stiff) and lower (labelled as soft) constraints correspond to the addition of symmetry pressure from Eqs. 2 and 3, respectively, to the symmetric matter pressure. (Right panel) EoS used different density regions in the neutron star, the outer and inner crust region (yellow), relativistic electron Fermi gas polytropic EoS (green), Skyrme EoS (bluee) and Polytropes (red). See text for details collection of 207 interactions [28, 29] . The chosen EoS overlap with the gravitational constraint (light blue shaded region) quite well especially at densities below 3ρ 0 .
We proceed to calculate neutron star properties such as the radii and the tidal deformability using the 189 EoS in the neutron star model. Each EoS interaction, represented by an open circle in figure 2, makes a unique prediction for the neutron-star radius and tidal deformability. Our results are consistent with those from EoS based on relativistic mean-field interactions [11] represented by the open red squares using analogous methodology. For reference, the blue solid curve is a fitted relationship of R and Λfrom a generic neutron-star EoS [31] . Above Λ > 600, our calculations produce larger radii and deviate from the blue curve. This is due to inclusion of the crustal EoS at very low density in our calculations. If the crust EoS (the yellow and green curves) are removed and the Skyrme EoS without the beta equilibrium are extended to zero density, the blue dashed curve, a best fit curve to the results without crust is similar to the blue solid curve. Inclusion of the crust increases the neutron star radius. More detailed study of the effect of different crust EoS are underway.
The results of the calculations are consistent with the various analysis of the Figure 2 : Correlation between neutron-star tidal deformability and radii from current calculations (open circles) and from Ref. [11] (open squares). The curve is from Ref. [31] and the dashed blue curve is calculations without including crust EoS. The hatched areas represent constraints from recent GW170817 analysis [20, 32] GW170817 regarding the extracted tidal deformability and neutron star radius. For example, the range of the updated values of Λ = 70 − 720 obtained in [32] is represented by the larger light blue-shaded region. The blue rectangle indicates the more restricted region of Λ = 70 − 580 and R = 10.5 − 13.3 km obtained in [20] . In this work, the tighter constraint is referred simply as GW constraints.
In the past two decades, the nuclear EoS has been studied over a range of densities comparable to that found in neutron stars, in nuclear structure and reaction experiments [1, [15] [16] [17] [18] [33] [34] [35] [36] [37] [38] [39] [40] . However, in the latter context, the EoS must be extrapolated to environments where the density of neutrons greatly exceeds the density of protons. This extrapolation of the EoS to neutronrich matter depends on S(ρ) in Eq. 1. Experimentally, especially at low density, effort has been made to extrapolate the symmetry energy while at high density, the experimental effort is focused more in extracting the pressure of the collision system. With our models, we can calculate both the neutron star properties such as tidal deformability and neutron star radii and nuclei properties such as neutron skins, density dependence of symmetry energy as well as density dependence of pressure as shown in figure 1 . Furthermore, the model allows us to explore other physics such as the effective masses, chemical potential equilibrium etc. in nuclear collision experiments. At sub-saturation densities, ρ < ρ 0 , information on EoS is obtained in the context of bound nuclei and via nuclear collisions [33] [34] [35] [36] [37] [38] [39] [40] . Figure 3 shows the symmetry energy obtained at the sensitive density of four analysis, 1) Analyses of nuclear masses using Skyrme interactions [41] (red open square) and density functional theory [42] (blue open circle), 2) Analyses of isobaric analog states [28] (blue dashed contour and blue solid triangle), 3) Analyses of the electric dipole polarizability for 208 P b [43] [44] [45] (green solid diamond), 4) Analyses of isospin diffusion measurements in peripheral Sn+Sn collisions at E/A=50 MeV [39, 46] (magenta star). By evaluating the chi-squares per degree of freedom between experimental symmetry energy values obtained at various densities shown in figure 3 , 69 Skyrme functions with χ 2 < 2 are plotted as black curves in figure 3 and as black open circles in Figs. 2 and 4. These circles span over similar range of tidal polarizabilities and radii as the Skyrme EoS without any constraints suggesting that symmetry data from sub-saturation density experiments cannot adequately constraint neutron star properties. Such lack of correlation between properties of nuclei and neutron-star properties at low density should be expected. The EoS at high density reflects dominant contributions from strongly repulsive three-body interactions and few-body correlation effects that are not adequately probed by masses, isobaric analog states and other observables at low density; therefore, they remain uncertain [47] . The role of the uncertainty in threebody interactions has been elucidated in Refs. [47] .
The density region of 2ρ 0 has been identified to be most sensitive to the neutron- star radii [48] . A stringent measurement on the pressure will yield a narrow range of possible deformability that can be compared to the results from neutron star merger results. As an example, the red horizontal bars in figure 4 represent the pressure (16 − 20M eV /c) expected at 2ρ 0 assuming the symmetry pressure from Eq. 3 (weak symmetry energy density dependence). In this hypothetical results, Λ values in the range of 200-400 will be consistent with a soft symmetry energy. In this particular example, the uncertainties (which will shrink if the stiffness of the symmetry pressure increases) are smaller than the uncertainty of the GW constraint. The expected improvement in the HIC constraints will allow us to understand what these combined constraints imply about the nature of strongly interacting matter.
In summary, while symmetry energy data extracted at low density do not correlate strongly with neutron-star properties, heavy ion collision experiments testing twice the normal nuclear matter density may provide tighter constraints on the tidal deformability and the corresponding neutron-star radii.
